The predominant leukocyte population present in both human and murine peritoneal ovarian tumors is the Vascular Leukocyte (VLC). VLCs are recruited en masse to the ovarian tumor microenvironment whereupon they promote tumor progression. Importantly, the presence of VLCs is requisite for peritoneal ovarian cancer progression: selective elimination of VLCs inhibits tumor burden and ascites accumulation. Despite the critical importance of VLCs to ovarian tumors, their derivation and the mechanisms by which they facilitate tumor progression are not well understood. Here we demonstrate in vivo that the murine ID8 ovarian tumor model can usurp the host peritoneal macrophage pathway to elicit and recruit VLCs. Moreover, we demonstrate that VLCs express CD11b and Gr-1, a characteristic phenotype shared amongst heterogeneous populations of leukocytes referred to as myeloid-derived suppressor cells (MDSCs). In accord with their MDSC phenotype, both murine and human VLCs express arginase-1 (ARG1). Importantly, we demonstrate that the VLCs suppress both CD8 + and CD4 + T cells responses and that this immunosuppression is ARG1-dependent, since blockade of VLC ARG1 activity with nor-NOHA reversed the immunosuppression. These data further characterize the tumor-associated leukocytes in ovarian cancer and provide insights into the mechanisms by which they promote tumor growth.
Introduction
Tumors require a fostering and permissive environment to support their growth and subsequent metastasis. To establish these favorable conditions, tumors commonly coordinate angiogenesis, the cytokine milieu, and immunosuppression within their microenvironment. Regarding the latter factor, emerging evidence supports that tumors can suppress host anti-tumor immune responses through a variety of mechanisms and can co-opt resident and recruited cells of the host's immune system to play a critical and supportive role in tumor development (de Visser et al., 2006; Rabinovich et al., 2007) . Indeed, an increased prevalence of both regulatory T cells and tumor-associated macrophages (TAMs) is correlated with a poor prognosis (Bingle et al., 2002; Curiel et al., 2004) . One such pivotal type of cell present within both human and murine ovarian cancers is the Vascular Leukocyte (VLC) .
VLCs are the most abundant infiltrating leukocyte present in the ascites of human and murine ovarian carcinomas, commonly exceeding 10 7 cells within the peritoneal ascites of a single mouse and comprising >75% of the CD45 + tumor-infiltrating leukocytes . VLCs express canonical markers of leukocytes (CD45, CD11c) and low levels of the endothelial markers VE-Cadherin and P1H12 . We recently demonstrated the importance of VLCs to ovarian tumor progression with the use of the murine ID8 model of ovarian cancer. ID8 cells are a transplantable, tumorigenic, murine ovarian carcinoma disease model that recapitulates the progression of the human disease, including slow progression, the development of late-stage ascites and, importantly, VLC recruitment and accumulation (Roby et al., 2000) . Selective elimination of VLCs reduced ID8 peritoneal ovarian tumor burden and ascites volume, revealing a crucial dependence of the tumor upon VLCs (Bak et al., 2007) . Despite the importance of VLCs to ovarian tumor progression, the cellular derivation of the VLC and the mechanisms by which VLCs enable peritoneal ovarian tumor growth are poorly understood.
Murine VLCs have previously been proposed to be a form of dendritic cell due to expression of cell surface markers (CD11c) and their ability to present antigen in vitro Coukos et al., 2005) . However, the vast numbers of VLCs + VE-Cadherin + VLCs (A, gated) and this population also expresses CD11b (B, black filled line; grey line isotype control). (C) Naïve, non-tumor-bearing, mice have peritoneal macrophages that display a F4/80 + CD11c − phenotype, whereas in ID8 tumor-bearing mice (D) there is a disappearance of F4/80 + CD11c − cells in the peritoneal ascites and the appearance of a F4/80 + CD11c + cellular phenotype. (E-H) MAFIA GFP + macrophages are converted in vivo to a CD11c + phenotype by ID8 ovarian tumor growth. Peritoneal lavages from MAFIA mice that express GFP under the macrophage-specific c-fms (CD115) promoter were stained for CD11c and F4/80. Peritoneal macrophages from naïve MAFIA mice robustly express F4/80 and GFP (E) and do not express CD11c (F). The F4/80 + cellular population derived from the peritoneal ascites of ID8-bearing mice remained unchanged in GFP expression (G). However, these GFP + cells now also express CD11c (H).
within ovarian ascites, along with their anatomical peritoneal localization, led us to critically test which leukocyte populations can give rise to VLCs. Here we show that VLCs within the peritoneum of tumor-bearing mice also express macrophage-specific markers. We then provide in vivo genetic confirmation that VLCs are derived from the macrophage pathway with the use of a transgenic strain of mice that expresses GFP under the macrophage-specific c-fms (CD115) promoter: the presence of peritoneal ID8 tumors within these mice converts the GFP + CD11c − peritoneal macrophages to a GFP + CD11c + VLC population. Interestingly, previous reports contrast in respect to CD11b expression on VLCs McLean and Buckanovich, 2008 ). Here we show that both murine and human VLCs express CD11b, which led us to the observation that VLCs exhibit the CD11b + CD115 + Gr-1 + phenotype that is characteristic of myeloid-derived suppressor cells (MDSCs).
MDSCs are reported to be derived from several heterogeneous leukocyte populations, but functional commonalities are that they are immunosuppressive and they are known to accumulate within both murine and human tumors (Almand et al., 2001; Bronte et al., 2001; Kusmartsev and Gabrilovich, 2002; Serafini et al., 2006a; Talmadge, 2007) . Previous reports indicated that VLCs within solid tumor models support tumor progression through tumor neovascularization . Thus, given the lack of neovascularization necessary for a peritoneal ascitic tumor and based on the phenotype of the VLCs, we tested the hypothesis that VLCs recruited by peritoneal ID8 tumors represent a functionally immunosuppressive cell population. Here we show that both human and murine ovarian-tumor-derived VLCs express arginase-1 (ARG1) and the VLCs functionally suppress both CD8 + and CD4 + T cell responses through ARG1 activity. These data identify VLCs as a leukocyte population with immunosuppressive function that are elicited and recruited by the ID8 ovarian tumor and specifically identify a role for arginase activity within the ovarian tumor microenvironment. These findings, and their implications, are discussed in relation to the roles VLCs play in ovarian tumor progression.
Materials and methods

Mice
Female C57Bl/6 and CB6/F1 mice (4-6 weeks) were purchased from the National Cancer Institute (Fredricksburg, MD). MAFIA mice (Burnett et al., 2004) were purchased from Jackson Laboratories (Bar Harbor, ME) under agreement with Ariad Pharmaceuticals (Cambridge, MA). Animal Experiments were approved by the Dartmouth Medical School Institutional Animal Care and Use Committee.
Cells and antibodies
ID8 cells transduced with Vegf-A and Defb29 (referred to as ID8 within this manuscript) were a generous gift of Dr. Jose Conejo-Garcia (Dartmouth Medical School), and were generated and maintained as previously described . Parental ID8 cells, human ovarian cancer samples, and human blood monocytes were the generous gift of Dr. Charles Sentman (Dartmouth). Anti-mouse Fc Block was purchased from BD Biosciences (San Jose, CA); anti-mouse CD45 (30-F11), antimouse F4/80 (BM8), anti-mouse CD3 (145-2C11), anti-mouse Gr-1 (RB6-8C5), anti-mouse CD11b (M1/70), anti-human CD3 (OKT3), anti-human CD11c (3.9), anti-human CD11b (ICRF44), and antihuman CD14 (61D3) antibodies from eBiosciences (San Diego, CA); anti-mouse CD11c (N481) antibodies from Biolegend (San Diego, CA, USA); anti-mouse calreticulin antibodies from Abcam (Cambridge, MA); anti-mouse VE-cadherin antibodies from Bender Medsystems (Burlingame, CA); anti-mouse CD8 (CT-CD8a) antibodies from Invitrogen (Carlsbad, CA); anti-mouse iNOS (N-9657) from Sigma (St. Louis, MO); and anti-human arginase-1 (H-52) from Santa Cruz Biotechnology (Santa Cruz, CA).
Generation of tumors and harvest of tumor-associated leukocytes
Ovarian tumors were generated and harvested as previously described (Bak et al., 2007) . Briefly, mice were injected i.p. with 5 × 10 6 ID8 cells. Approximately 5 weeks later peritoneal ascites were harvested. The cellular fraction was treated with ACK lysis buffer (0.15 M NH 4 Cl, 1.0 mM KHCO 3 , 0.1 mM EDTA) to remove red blood cells, and the remaining cells were resuspended in 0.5% BSA in PBS or media for analysis. In indicated experiments single-cell suspensions of spleens were generated from naïve or tumor challenged mice by digestion with collagenase/DNAse and passage through a 70 M cell strainer (BD Biosciences, San Jose, CA).
Flow cytometry
Cells from murine ascites were resuspended at 1 × 10 6 cells/ml in 0.5% BSA in PBS with Fc-blocking antibody and subsequently stained with the indicated antibodies. Flow cytometry and cell sorting was performed at the NCCC Englert Cell Analysis Laboratory using a FACS Calibur or FACS Aria and analyzed with CellQuest.
iNOS and arginase expression
Bone marrow-derived DCs (BMDCs) were generated as previously described (Amiel et al., 2007; Inaba et al., 1993) . As a positive control for iNOS expression, BMDCs were incubated overnight in the presence of 1 g/ml LPS (Sigma, St. Louis, MO). ID8 ascites were processed as above and VLCs were isolated via positive selection using Miltenyi CD11c magnetic beads (Miltenyi Biotec, Auburn, CA) according to manufacturer's protocol. Cell samples were suspended in sample buffer with ␤-mercaptoethanol, heated for 5 min at 90 • C, then run on a 12% SDS-PAGE gel. After transfer to a PVDF membrane and blocking, membranes were incubated overnight with primary anti-mouse iNOS antibody, washed, blocked, and incubated with HRP-conjugated secondary antibody. Bands were detected with ECL Plus Western Blotting Detection Reagent (Amersham Biosciences, Buckinghamshire, UK). Western analysis was conducted on CD11b-selected (Miltenyi beads) human ovarian carcinoma and blood monocyte samples, as above, using anti-human ARG1.
Reactive oxygen species assay
C57Bl/6 mice were injected i.p. with 10 7 ID8 tumor cells 4-5 weeks prior to sacrifice to promote the recruitment of VLC's. ID8 ascites were collected from the peritoneum and treated with ACK lysis buffer for 10 min at room temperature to remove RBC's. Remaining cells were centrifuged, washed, and resuspended in RPMI at a concentration of 10 6 cells/ml. Samples were then treated with 8 M of the ROS detection agent carboxy-H 2 DFDA (Molecular Probes, Eugene, OR) for 1 h at 37 • C. Where indicated, experimental groups were pretreated with varying concentrations of the ARG1 inhibitor hydroxy-nor-l-arginine (nor-NOHA) (Calbiochem, San Diego, CA) for 1 h at 37 • C. Cells were then labeled with anti-CD11c antibodies on ice for 30 min prior to FACS analysis. 
T cell proliferation and activation assays
A variation on the Lyons-Parish Assay was used to assess T cell proliferation (Lyons and Parish, 1994) . Splenocytes were derived from C57Bl/6 mice as described above and resuspended in 2.5 M CFSE in HBSS. Cells were incubated for 10 min at 37 • C and subsequently washed with HBSS. ID8 ascites were processed as above and VLCs were isolated via positive selection with the use of CD11c magnetic beads, as above, or FACS-sorted for VECadherin + CD11c + CD45 + cells. 10 6 splenocytes in the presence or absence of the indicated number of isolated VLCs were resuspended in medium and, as indicated, stimulated with 1 g of plate bound ␣CD3 antibody or a combination of 50 nM PMA and 0.5 M ionomycin (Sigma, St. Louis, MO). After 72 h the cells were spun down and supernatants removed for ELISA. Cells were then stained with anti-CD8 or CD4 antibody and CFSE dilution of the CD8 + cells assessed by FACS analysis. Supernatants from Lyons-Parish assays were assayed for IFN-␥ content using the murine DuoSet ELISA (R&D Systems Minneapolis, MN) according to manufacturer's protocol. In indicated experiments CD11c + cells were harvested as above and incubated in 1 mM nor-NOHA for 1 h at 37 • C. Cells were washed 3× with HBSS and 1 × 10 5 cells were added to assays as described above.
Results
Phenotypic analyses of peritoneal ovarian-tumor VLCs
VLCs constitute >75% of infiltrating leukocytes (CD45 + cells) within the peritoneal ascites of both human and murine ovarian cancer . VLCs were defined by their myeloid surface markers (CD11c) and endothelial markers (VE-Cadherin) ( Fig. 1A ; Bak et al., 2007; . Therefore VLCs were proposed to be a form of dendritic cell that promotes the formation of neo-vasculature in solid tumor models Coukos et al., 2005; McLean and Buckanovich, 2008) . However, within peritoneal ovarian tumor ascites these cells express the macrophage marker CD11b (Fig. 1B) , previously undetected on VLCs in solid tumor samples . In tumor-free mice, macrophages (F4/80 + CD11c − ) are the majority of resident immune cells in the peritoneum (Fig. 1C, lower right quadrant) . Moreover, the vast number of VLCs that are recruited to the peritoneum during ovarian cancer progression, routinely >10 7 per mouse, was reminiscent of elicited macrophages recruited by peritoneal inflammation (Bak et al., 2007; Conejo-Garcia et al., 2004; Leijh et al., 1984) . Therefore, using the ID8 model of murine ovar- ian cancer (Roby et al., 2000) , we investigated the relationship between peritoneal macrophages and VLCs during ovarian tumorogenesis. Analysis of the peritoneal CD11c + VLCs revealed that they also robustly and uniformly express the macrophage cellsurface marker F4/80 (Fig. 1D , upper right quadrant). Just as striking is the observation that within ID8 ovarian cancer ascites there is a disappearance of the F4/80 + CD11c − macrophage population (as seen in Fig. 1C , lower right quadrant) and an appearance of an F4/80 + CD11c + cellular population (compare Fig. 1C with D) . Interestingly, while the F4/80 + CD11c − cells are no longer present in the ascites, there is no apparent change in the F4/80 − CD11c + population. Thus, we hypothesized that VLCs were cells derived from the peritoneal macrophage pathway that now expressed CD11c, which results in the F4/80 + CD11c + population. To test this hypothesis in vivo we employed a genetic tool, the MAFIA mouse. The MAFIA mouse has the green fluorescent protein (GFP) transgene expressed by the Colony Stimulating Factor-1 Receptor (CSF-1R or c-fms or CD115) promoter which results in GFP transgene expression in all macrophages (Burnett et al., 2006 (Burnett et al., , 2004 . To confirm the cellular phenotype in this genetic model, we first analyzed the GFP expression on cells derived from a peritoneal lavage of a naïve mouse. GFP + cells derived from a peritoneal lavage express F4/80 (Fig. 1E ) but not CD11c (Fig. 1F ). Peritoneal ID8 tumors were then grown in MAFIA mice and the ascites analyzed. As expected there was no change in the GFP profile of F4/80 + cells from the ascites of tumor-bearing mice (Fig. 1G) . However, the GFP + cells present in the ascites were now also CD11c + (Fig. 1H , as compared to Fig. 1F ). F4/80, CD115 and CD11b expression on VLCs and the observation that VLCs replace the canonical peritoneal macrophage population in the ID8 tumor indicates that VLCs are derived from the peritoneal macrophage pathway and are likely amongst the same cells, as defined by CD11b expression, described by others as ID8-recruited TAM (Hagemann et al., 2008) .
Human ovarian cancer VLCs are also a CD11c + CD11b + population
To determine if these new murine cell surface expression markers of VLCs were consistent with human ovarian cancer samples, and to reconcile previous discrepancies in CD11b expression on human VLCs McLean and Buckanovich, 2008) , we analyzed single-cell preparations of both solid and ascites human ovarian cancer samples. In agreement with our murine data, CD11c + VLCs in both the solid ( Fig. 2A) and ascites (Fig. 2C ) portion of the ovarian tumors express CD11b + . As positive and negative controls for this analysis we demonstrate that these cells, respectively, consistently express CD14 (Fig. 2E and F) but are distinct from the CD3 + lymphocyte population (Figs. 2B and D) . These data extend our murine findings to human ovarian tumor-infiltrating leukocytes and likewise support that, based on cell surface markers, human ovarian-tumor VLCs likely represent cells referred to as TAM by other groups (Kryczek et al., 2006) .
VLCs are a CD11b + Gr-1 + Leukocyte population within ID8 ascites
Since VLCs are CD11b + CD115 + (Fig. 1) , we asked if ovarian tumor-associated VLCs might constitute a population of MDSCs. MDSCs are a heterogeneous leukocyte population(s) that can facilitate immunosuppression within the tumor microenvironment, and thereby promote tumor growth and metastasis (Bronte et al., 2001; Bunt et al., 2006; Serafini et al., 2004) . Murine MDSCs are commonly characterized by the expression of CD11b and Gr-1 as cell surface markers (Bronte et al., 2000; Gallina et al., 2006; Yang et al., 2006) . FACS analysis revealed that, indeed, VLCs present within peritoneal ID8 ovarian tumor ascites express Gr-1 (Fig. 3A) and, consistent with the phenotypic representation of canonical MDSCs, this population is CD11b + Gr-1 + (Fig. 3B) . Additionally, as previously shown in Fig. 1, ID8 -derived VLCs are also CD115 + which is consistent with MDSCs found in other tumor models (Huang et al., 2006; Pan et al., 2008) . To examine whether the peritoneal ID8 tumor induced systemic production of MDSCs we analyzed the spleens of naïve mice and ID8 tumor-bearing mice. Only a modest increase in the percentage of splenic CD11b + Gr-1 + cells was observed in ID8 tumorbearing mice (Fig. 3C and D, respectively, and E). However, the total numbers of splenic CD11b + Gr-1 + cells within the tumor-bearing mice was greatly increased, likely due to splenomegaly (Fig. 3E) . Thus, these data suggest that the ovarian tumor likely co-opts the macrophage pathway to produce a local VLC population and that these VLCs represent a variation of MDSCs.
VLCs suppress T cell division
The mechanism(s) by which VLCs support tumor growth is not well understood. Previous reports indicate that VLCs can function to promote tumor neo-vasculature in solid tumors, however this process is less critical to ascites tumors and therefore, with the emerging notion that VLCs share surface and functional markers with MDSCs, we hypothesized that VLCs may be immunosuppressive and thereby inhibit T cell-mediated immune responses (Gallina et al., 2006; Rodriguez et al., 2003) . To assess whether VLCs are functionally immunosuppressive we tested whether they could inhibit the activation of CD4 + and CD8 + T cells. CD11c + VLCs from an ID8 peritoneal tumor were isolated and added to CFSE-labeled naïve splenocytes stimulated with ␣CD3 antibody or PMA and ionomycin. CD8 + T cells prolifically divided in response to both CD3 and PMA stimulation as assessed by CFSE dilution (Fig. 4A and B) . These results were quantified and expressed as the percentage of cells having undergone at least one cell division compared to the parental CFSE peak. As seen in Fig. 4C and D, VLCs inhibit the ability of CD4 + and CD8 + T cells to divide in response to two independent mitogens. As a control, CD11c + cells from naïve spleens were isolated and included in the splenocyte stimulation reaction. CD11c + cells from non-tumor (naïve) tissue had no effect on the ability of both T cell subsets to respond to mitogens ( Fig. 4C and D) . As an independent analysis that VLCs suppress T cell activity we assessed whether VLCs can inhibit the production of IFN␥ following cellular stimulation. ␣CD3 antibody or PMA/ionomycin robustly stimulated the production of IFN␥ by splenocytes, as assessed by ELISA. However, the presence of VLCs blocked production of IFN␥ by >95% (Fig. 5A) . Consistent with the data in Fig. 4 , the presence of CD11c + splenocytes from a naïve mouse did not affect the ability of splenocytes to produce IFN␥. To confirm the immunosuppressive activity of CD11c-isolated cells more stringently we FACS-sorted VLCs (VE-Cadherin + CD11c + ) from murine ID8 ascites and assayed for their ability to suppress IFN␥ production by splenocytes. FACS-sorted VLCs likewise suppressed IFN␥ production (Fig. 5B) and T cell division (data not shown). These data support the novel function of VLCs as an immunosuppressive MDSC-like cell population within the tumor microenvironment.
Confirmation of VLC immunosuppressive activity with the parental ID8 cell line
VLCs were originally described from solid tumors and ascites generated from ID8 cells transduced with VEGF-A and ␤-Defensin-29 (Defb29) . Recently, VEGF-A has been shown to modulate CD11b+Gr-1+ cell infiltration and function in tumorogenesis (Shojaei et al., 2007) . To confirm that previous experiments conducted with ID8-Vegf-Defb29 are consistent with those derived from the parental (untransduced) ID8 cell line, we performed phenotypic and functional analyses on ascitesinfiltrating leukocytes from mice challenged with the parental ID8 cell line (Roby et al., 2000) . Parental ID8 cells likewise generate leukocytes that express the CD11c and VE-Cadherin cell surface markers (Fig. 6A ) and, consistent with Fig. 1 , this double positive population expresses CD11b (Fig. 6B) . Indeed, the majority of CD11c + cells within the peritoneum express the macrophage marker CD11b (Fig. 6C) . To confirm that these cells were also functionally similar to those generated from with ID8-Vegf-Defb29 tumors we harvested CD11c + cells via magnetic bead separation and assessed their ability to suppress T cell activation. As previously described (Fig. 5) , these CD11c + cells likewise suppress IFN␥ production (Fig. 6D) and T cell division (data not shown).
VLCs express the MDSC-associated enzyme arginase-1
To determine the mechanism by which VLCs inhibit T cell function, we assessed the expression of ARG1 by murine and human ovarian-tumor VLCs. MDSCs commonly express ARG1 and this expression is inversely regulated with inducible Nitrous Oxide Synthase (iNOS) (Bunt et al., 2006; Kusmartsev and Gabrilovich, 2003; Rodriguez et al., 2004) . ARG1-mediated decreases in systemic larginine availability correlate with impaired T cell function and therefore expression of ARG1 by MDSCs is thought to be central to their ability to suppress T cell responses (Bronte et al., 2003; ElGayar et al., 2003; McLean and Buckanovich, 2008; Rodriguez et al., 2002; Schaffer and Barbul, 1998) . To test the ability of VLCs to express functional ARG1, we isolated CD11c + cells from the ascites of ID8-bearing mice. Isolated VLCs did not express measurable iNOS by Western analysis (Fig. 7A, lanes 2-4) ; LPS-activated bone marrow-derived DCs were used as a positive control for iNOS expression (lane 1). To test for the production of reactive oxygen species (ROS) by VLCs we utilized the compound DCFDA. DCFDA fluoresces when oxidized by ROS, including the ROS produced by ARG1 activity (Bronte et al., 2003; Kusmartsev and Gabrilovich, 2003) . CD11c + VLCs induce DCFDA fluorescence indicative of the production of ROS (Fig. 7B) . To directly test the contribution of ARG1 to the production of the ROS we utilized a specific inhibitor of ARG1 activity, nor-NOHA (Boucher et al., 1994; Sinha et al., 2005) . The inclusion of nor-NOHA in the assay resulted in a dose-dependent reduction in the DCFDA fluorescence, with the presence of 4 M nor-NOHA resulting in >50% inhibition of the total ROS produced by the VLCs (Fig. 7C) . To confirm these results in human ovarian cancer, we assayed human ovarian VLCs for the expression of ARG1 by western analysis. Human ovarian cancer VLCs robustly expressed ARG1, whereas naïve blood monocytes did not express measurable ARG1 protein (Fig. 7D ). This data indicates that VLCs produce ARG1 that results in the production of ROS, and further supports the characterization and function of VLCs as MDSCs.
Blockade of arginase-1 alleviates VLC-mediated immunosuppression
Since VLCs were found to both inhibit T cell activity and to express immunosuppressive ARG1, we directly tested the contribution of ARG1 activity to the observed T cell suppression. Murine CD11c + VLCs were isolated from ascites and incubated in the presence or absence of 1 mM nor-NOHA for 1 h at 37 • C. T cell suppression assays, as in Figs. 6 and 7, were performed by stimulating cells with ␣CD3 or PMA/ionomycin in the presence of VLCs, or VLCs pre-incubated with 1 mM nor-NOHA for 1 h. While VLCs suppressed CD3-stimulated CD4 and CD8 T cell division by 66% and 70%, respectively (consistent with Figs. 4-6 ), nor-NOHA-treated VLCs failed to suppress the division of CD4 + and CD8 + T cells (Fig. 8A and  B) , restoring the CD4 and CD8 division to the levels (not statistically different) of control stimulation. To confirm these findings, we analyzed the supernatants from these suppression assays for IFN␥ (Fig. 8C) . The production of IFN␥ by splenocytes activated with ␣CD3 or PMA/ionomycin was reduced to 2% and 5% of the positive control when VLCs were present in the cultures. However, incubation of VLCs with nor-NOHA led to a resumption of IFN␥ production that was similar (no statistical difference) to control treatments. These data identify that VLCs immunosuppression is mediated through ARG1 activity and that inhibitors of ARG1 can be used to alleviate the VLC-mediated immunosuppression. + cells from the ascites were tested for their ability to suppress IFN␥ secretion as in Fig. 5A . The results are derived from two independent experiments with the standard deviation shown. Statistical significance (**p < 0.01) was determined with the paired Student's t test (Stimulated cells with VLCs were compared against stimulated controls with media alone).
Discussion
VLCs constitute the predominant population of ovarian tumor-associated leukocytes .
Importantly, this cell type is critical to tumor progression since the selective elimination of VLCs impairs the growth of both solid flank tumors and peritoneal ovarian cancer (Bak et al., 2007; ConejoGarcia et al., 2004) . However, the origin of this cell type and how it fits into the spectrum of known leukocyte populations was unknown. In regard to VLCs recruited by ovarian cancer ascites, the number of VLCs (>10 7 per mouse) and the peritoneal localization led us to hypothesize that VLCs may result from an ability of the tumor to usurp the peritoneal macrophage pathway. Here we demonstrate that VLCs harvested directly from the tumor environment express canonical macrophage cell surface markers such as F4/80 and CD11b (Fig. 1) . These data were then confirmed using a genetic model, the MAFIA strain of mice; these mice have GFP + macrophages due to GFP gene expression by the c-fms (CD115) promoter. Resident peritoneal macrophages in naïve MAFIA mice are uniformly GFP + F4/80 + CD11c − , but upon ID8 tumor growth in the peritoneum they then exhibit a GFP + F4/80 + CD11c + phenotype. Our data support that the well-characterized GFP + F4/80 + CD11c + peritoneal macrophage population acquires CD11c expression. Additionally we demonstrate that induction/recruitment of the VLC population drastically alters, and replaces, the macrophage (F4/80 + ) population while asymmetrically not markedly affecting the peritoneal population of CD11c + F4/80 − DCs ( Fig. 1C and D; upper left quadrants). The macrophage phenotype is additionally supported by the observation that VLCs bind folate, a previously described characteristic of tumor-associated macrophages that is not exhibited by DCs (unpublished results) (Gordon and Taylor, 2005; Turk et al., 2002 Turk et al., , 2004 . Human ovarian cancer samples support an origin for VLCs from the monocyte/macrophage pathway, since the CD11c+ cells also express CD11b and CD14 (Fig. 3) . These data support that macrophages, and the macrophage pathway, are a source of ovarian-tumor VLCs in the peritoneum and, indeed, the CD11b expression indicates that these are the same cells that others isolate as TAM; whether VLCs recruited to solid tumors and to alternative anatomical locations are derived from different precursors or cellular pools remains to be evaluated.
Our observation that ovarian-tumor-derived VLCs represent a Gr-1 + CD11b + CD115 + population led us to hypothesize that VLCs may be a variety of the previously-described MDSC tumorassociated leukocytes (Figs. 1 and 2 ). MDSC can be derived from heterogeneous cell types, however in mice they are reported to consistently express a CD11b + Gr-1 + phenotype . Our identification of VLCs as MDSCs was confirmed functionally by their immunosuppressive activity upon stimulated T cells. Using complementary assays, we found that the presence of VLCs drastically inhibited CD8 + and CD4 + T cell activity (Fig. 4) , with IFN␥ release inhibited >95% (Fig. 5) . Interestingly, the VLCs were able to suppress T cell activity both when the T cells were stimulated through the T cell receptor and when the T cells were stimulated by PMA/ionomycin. Additionally, this VLC phenotype was not a result of ectopic expression of VEGF, as CD11c + from untransduced cell lines were able to suppress T cells (Fig. 6) . Various reports on other tumor systems have implicated the importance of ROS, IL-10, IL-13, cell contact, PDE5, and the induction of T reg cells in the generation of an immunosuppressive environment Gallina et al., 2006; Huang et al., 2006; Serafini et al., 2006b; Sinha et al., 2007; Yang et al., 2006) . Previous studies using the ID8 tumor model identified that blockade of CD80 on the MDSCs, or CD152 on the T cells, reduced T cell suppression (Yang et al., 2006 ). Here we demonstrate that ARG1 activity is an alternative mechanism, and therapeutic target, that is critical for the immunosuppressive activity of ID8-derived VLCs (Figs. 7 and 8 ). ARG1 activity depletes the local environment of l-arginine, causing a disregulation of T cell receptor (TCR) signaling and subsequent CD8 + T cell unresponsiveness Rodriguez et al., 2004 Rodriguez et al., , 2003 . Importantly, we demonstrate that the ability of VLCs to suppress CD8 + and CD4 + T cell division and IFN␥ production is dependent on ARG1 activity and that inhibition with the ARG1-specific inhibitor nor-NOHA restores the ability of CD8 and CD4 T cells to respond to stimuli. Taken together with the work of Yang et al. (2006) , these data suggest that ovarian cancer-associated MDSCs may have several mechanisms each required to orchestrate T cell immunosuppression. It is interesting to speculate that these limiting steps may be interwoven, and that ARG1 activity may alter CD80 expression or that, conversely, CD80 signaling may induce ARG1 activity. Additionally, since ARG1 is a downstream effector of PDE5 activity, we speculate that the nor-NOHA mediated effects we observe on the ovarian tumor-associated leukocytes may represent an analogous, and more specific, effect to those observed upon PDE5 inhibition with the CT26 colon tumor model (Serafini et al., 2006b) .
Finally, the identification of ID8-derived VLCs as an immunosuppressive cell provides a plentiful source of murine MDSCs for researchers who require large quantities for experimental purposes. At later stages of peritoneal ID8 tumor growth it is facile to isolate >10 7 non-adherent VLCs per mouse which consistently express ARG1 (Fig. 7) . Additionally, the work presented here provides evidence for a convergence of multiple fields of tumor leukocyte study. We propose that there is likely a high degree of overlap in the cells being characterized and studied as VLCs, TAMs, MDSCs and as M2 macrophages in both ovarian cancer models and disparate tumor models (Balkwill et al., 2005; Gallina et al., 2006; Hagemann et al., 2006; Huang et al., 2006; Robinson-Smith et al., 2007; Rodriguez et al., 2004; Sinha et al., 2005; Yang et al., 2004) .
In summary, these findings elucidate an origin for ovarian ascites resident VLCs and help to delineate a place for VLCs amongst the myriad of tumor-associated leukocyte populations. Additionally, the identification of functional mechanisms by which they suppress T cell activity may elucidate how they promote tumor progression. In light of these current findings, our previous report was the first effective and selective targeted in vivo depletion of ovarian tumorassociated MDSCs (Bak et al., 2007) . As such, we now propose that VLC depletion from the tumor microenvironment alleviated the suppression of T cell activity and enhanced a T cell-mediated antitumor response that resulted in the observed tumor inhibition (Bak et al., 2007) . Thus, future efforts will test the hypothesis that that targeted in vivo depletion of VLCs results in tumor inhibition by a T cell-dependent mechanism.
